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PEG YLATION AND HYDROXYLATION OF TRIMETALLIC NITRTOE 
ENDOHEDRAL METALLOFULLERENES 

BACKGROUND OF THE INVENTION 
5 This application is related to the field of carbonaceous nanomaterials, for 

example, fimctionalized fuUerenes. 

Methods of making endohedral metallofuUerenes have been previously 
described, for example in U.S. Patent No. 6,303,760. "Endohedral 
metallofuUerenes" refers to the encapsulation of atoms inside a fiillerene cage 
10 network. A family of trimetallic nitride endohedral metallofuUerenes can be 

represented generally as A3.nXnN@Cn,; where A and X are metal atoms, n=0-3, and 
m can take on even values between about 60 and about 200. All elements to the 
right of an @ symbol are part of the fuUerene cage network, while aU elements listed 
to the left are contained within the fullerene cage network. As an example, 
15 Sc3N@C8o indicates that a SC3N trimetallic nitride is situated within a C^o fullerene 
cage. 

Trimetallic nitride endohedral metallofuUerenes can have properties that find 
utility in conductors, semiconductor, superconductors, or materials with tunable 
electronic properties such as optical limiters, nonlinear optical devices, 
20 ferroelectrics. For example, trimetallic nitride endohedral metallofuUerenes having 
encapsulated radioactive metals, such as Ho, may be used for medical applications 
such as radioactive tracers. These tracers may serve as fluorescent or optical tags. 

SUMMARY OF THE INVENTION 
25 Despite the foregoing, there is a need in the art for modified endohedral 

metallofuUerenes having desirable properties, for example functionalized 
endohedral metallofuUerenes having enhanced water solubility while minimizing 
aggregation. 

A pegylated and hydroxlated trimetallic nitride endohedral metallofullerene 
30 is provided comprising a plurality of hydroxyl groups and one or more polyethylene 
glycol (PEG) moieties covalently bonded to a fullerene encapsulating a trimetallic 
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nitride. Preferably, the polyethylene glycol is covalently bonded to the fullerene 
through a malonyl moiety. For example, the one or more polyethylene glycol 
moiety can be covalently bonded to the fullerene through an ethyl malonyl moiety. 
In another example, wherein one or more pairs of polyethylene glycol moieties can 
5 be covalently bonded to the fullerene through a malonyl moiety. 

Preferably, the polyethylene glycol moiety has a molecular weight chosen 
from about 350, 550, 750, 2000 and 5000. Alternatively, the PEG can preferably 
have about 2 to 400, or more polyethylene units, for example the PEG can 
preferably have about 4, 7, 9, II, 16, 20, 40, 100, 200, 400, or more units. 

10 Preferably the PEG is an alkoxy-PEG, for example the polyethylene glycol 

moiety can be methoxypolyethylene glycol. Alternatively, the PEG can have a 
functional derivative at a terminus. 

An endohedral metalloftillerene of the formula A3.nXnN@Cm(-R(-[-0- 
CH2CH2-]k-Q)j)i(-OH)h; where A and X are metal atoms, n=0-3; m is an even 

15 number between about 60 and about 200; I < h < m-2; i > I y=I or 2; and k> 1 is 
provided. In a preferred example, j= 1 and R is an ethyl malonyl group. Q can 
preferably be a methoxy group. In an alternative preferred embodiment, j=2 and R 
is a malonyl group. In preferred embodiments, k is about 7, 1 1, 16 or greater, for 
example 40 or greater. In preferred examples, A and/or X are rare earth elements 

20 and/or a group IIIB element. In preferred examples, A and/or X are chosen from 
among the group consisting of Scandium, Yttrium, Lanthanum, Gadolinium, 
Holmium, Erbium, Thulium, and Ytterbium. 

A method of pegylation and hydroxylation of trimetallic nitride endohedral 
metal lofuUerene comprising, reacting a malonyl-polyethylene glycol with a 

25 trimetallic nitride endohedral metallofullerene to form a pegylated trin-etallic nitride 
endohedral metallofullerene; reacting the pegylated trimetallic nitrioc endohedral 
metallofullerene with NaOH and TBAH in an organic solvent; and, transferring the 
reacted pegylated trimetallic nitride endohedral metallofullerene into H2O in the 
presence of O2 and H2O2. In a preferred example, the malonyl-polyethylene glycol 

30 is ethyl malonyl methoxypolyethylene glycol. In another example, the malonyl- 
polyethylene glycol is malonyl dimethoxypolyethylene glycol. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 illustrates a method of combined pegylation and hydroxylation of 
trimetallic nitride endohedral metalloftillerenes. 

FIG. 2 illustrates an alternative method of combined pegylation and 
5 hydroxylation of trimetallic nitride endohedral metallofuUerenes. 

FIG. 3 shows the change in relaxation rate (1/Ti) of water as a function of 
concentration for Gd3N@C8o(malonyl diPEG5000)(OH)x compared to the 
commercial MRI contrast agent Magnevist®. PEG5000 is PEG methyl ether having 
a molecular weight of about 5000. 

10 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS OF THE INVENTION 
A preferred family of trimetallic nitride endohedral metallofuUerenes can be 
represented generally as A3.nXnN@Cni; where A and X are metal atoms, n=0-3, and 

15 m can take on even values between about 60 and about 200. To form a trimetallic 
endohedral metallofullerene having a cage size between about 68 carbon atoms and 
about 80 carbon atoms, the metal atoms are preferably trivalent and have an ionic 
radius below about 0.095 nm. When m is about 68, the metal atoms preferably have 
an ionic radius below about 0.090 nm for the A3N endohedral species. For the 

20 AX2N and A2XN endohedral species, the larger atomic radius of 0.095 nm for A can 
be accommodated. As the size of the cage increases, the ionic radius for the metal 
may increase. Further, A and X may be a rare earth element, a group IIIB element, 
or the like. Preferably, A or X may be Scandium, Yttrium, Lanthanum, Gadolinium, 
Holmium, Erbium, Thulium, and Ytterbium. 

25 Trimetallic nitride endohedral metallofuUerenes are relatively hydrophobic. 

One approach to increasing the water solubility of trimetallic nitride endohedral 
metallofuUerenes is to covalently modify the surface of the fiillerene, for example by 
attaching hydrophilic groups such as by hydroxylating the exterior of the fiillerene 
cage. However, hydroxylated trimetallic endohedral metallofuUerenes can still 

30 exhibit aggregation, which may be undesirable. Water solubility of trimetallic 

nitride endohedral metallofuUerenes can be enhanced with minimal aggregation by 
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covalently bonding polyethylene glycol (PEG) to trimetallic endohedral 
metallofiillerenes in combination with hydroxylation. 

The combination of pegylation and hydroxylation of trimetallic nitride 
endohedral metallofiillerenes can provide substantially greater dispersion and 
5 reduced aggregation in aqueous solutions relative to a single treatment. Without 
wishing to be bound by theory, it is believed that this results from a combination of 
increases in solubility due to the presence of hydrophilic groups and the greater 
colloidal stabilization provided by the steric repulsion of the relatively large PEG 
groups. 

10 Covalently attaching PEG to a molecule can be referred to as pegylation. 

PEG is a biocompatible polymeric molecule of general formula H-[-0-CH2CH2-]k- 
OH that is widely used for a variety of applications. PEG is widely available in 
compositions having a wide range of molecular weights, i.e. about 350, 550, 750, 
2000, 5000 and higher and is available or can be made with a wide range of 

1 5 derivatives at one or both termini. To list just two examples, O-methyl- 

heptaethylene glycol having a molecular weight of about 340 and O-methyl- 
undecaethylene glycol having a molecular weight of about 516 are both available 
from Sigma-Aldrich. PEG of any molecular weight, preferably derivatized at one 
end, for example in a form such as HO-PEG-O-methyl, can be used in making 

20 pegylated and hydroxylated trimetallic endohedral metallofuUerenes. 

Referring to Fig. 1, an exemplary method of pegylation and hydroxylation of 
trimetallic nitride endohedral metallofuUerenes is illustrated. In a first step, ethyl 
malonyl methoxy-polyethylene glycol can be obtained by reacting a 
methoxypolyethylene glycol with ethyl malonyl chloride. For example, about 0.01 

25 mol of ethyl malonyl chloride (ethyl 3-chloro-3-oxopropanoate) can be reacted with 
about 0.01 mol methoxy polyethelene glycol in about 200 ml of dichloro methane 
with about 0.01 mol pyridine at room temperature for about 4 hours, after which the 
malonyl methoxy-polyethylene glycol is recovered by separation on a silica gel 
column. In a second step, trimetallic nitride endohedral metallofullerene can be 

30 pegylated by reacting the trimetallic nitride endohedral metal lofiillerene with 

malonyl-PEG (for example o-(ethylmalonyl)-o'-methyl-PEG) in DBU and CBr4. 
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For example, 1 equivalent of A3.nXnN@Cm and 1.5 equivalents of CBr4 can be 
dissolved in about 80 ml of toluene with sonication. To this mixture, 1.5 equivalents 
of ethyl malonyl methoxy-polyethylene glycol and 3 equivalents of 1,8- 
diazobicyclo[5.4.0]undec-7-ene (DBU) can be added. The reaction can be stirred 
5 for about 20 hours under nitrogen at room temperature. Pegylated trimetallic nitride 
endobedral metallofullerene product can be separated using a silica gel colunm. The 
pegylated trimetallic nitride endohedral metallofullerene can be hydroxylated by 
treating with NaOH and tetrabutyl ammonium hydroxide (TBAH) in toluene, 
followed by addition of hydrogen peroxide and water. For example, about 4 mg of 

10 pegylated trimetallic nitride endohedral metallofullerene can be dissolved in about 
40 ml of toluene. About 5 drops of NaOH and about 3 drops TBAH can be added. 
The mixture can be allowed to react for about 2 hours before addition of about 20 ml 
of distilled water and about 5 drops of hydrogen peroxide. This mixture can be 
stirred overnight and the reaction hydroxylated pegylated trimetallic nitride 

1 5 endohedral metallofullerene can be separated using a G-25 Sephadex column. 

Referring to Figure 2, another example is illustrated in which malonyl dichloride is 
utilized so that two PEG moieties are added for each pegylation reaction. 

Methods for making the family of A3-nXnN@Cin metallofullerenes include 
using a Kratschmer-Huffinan generator. This type of generator typically has a 

20 reaction chamber that can be easily evacuated and charged with a controlled 

pressure of an inert gas such as helium. The generator holds two electrodes within 
the reaction chamber and is able to apply a potential across the electrodes to produce 
an arc discharge. Methods can include mounting a graphite rod, or other source of 
carbon, that has been filled with a mixture of a metal oxide and graphite in the 

25 reaction chamber. The metal oxide contains the metal to be encapsulated in the 
fiillerene cage. The graphite rods are typically cored and filled with a mixture of 
metal oxide and graphite. The metal oxide may be the oxide of a trivalent metal. 
Preferably the metal oxide is the oxide of a rare earth metal or a group IIIB metal. 
Metal oxides may include, but are not limited to, EriOa, H02O3, Y2O3, La203, 

30 Gd203, Tm203, or Yb203. The mixture of metal oxide and graphite may be from 
about 1% to about 5% metal oxide to graphite by weight. Typically, a 3% metal 
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oxide to graphite loading will produce the desired trimetallic nitride endohedral 
metallofiillerene. 

When the encapsulation of more than one type of metal in the fullerene cage 
is desired, the cored graphite rod is filled with a mixture of metal oxides and 
5 graphite. The mixture of metal oxides preferably corresponds to the desired metals 
and graphite. The metal oxides may be combination of trivalent metals in the form 
of oxides. Preferably, the metals are rare earth metal oxides or group IIIB metal 
oxides. The metal oxides may include, but are not limited to, E2O3, H02O3, Y2O3, 
La203, Gd203, Tm203, or Yb203. The relative portion of each metal oxide may be 

10 from a 1% to about 5% metal oxide to graphite. Small amounts of cobalt oxide may 
be added to the mixture to enhance the formation of fuUerenes. The addition of 
about 1 mg to about 425 mg of cobalt oxide may be added to the mixture. 
Typically, the addition of between about 75 mg and about 225 mg of cobalt oxide to 
the mixture will enhance the formation of the endohedral fullerenes. 

15 Once the mixture is loaded into the cored graphite rod, the rod is place in the 

generator and the reaction chamber is evacuated. Helium can be introduced into the 
reaction chamber at about 300 torr along with a small amount of nitrogen gas, about 
1 to about 3 torr. A dynamic atmosphere ranging from about 300 ml/min to 1250 
ml/min helium and about 20 ml/min to about 300 ml/min nitrogen gas may also be 

20 utilized. The ratio of helium to nitrogen is not critical. The trimetallic nitride 
endohedral metallofullerenes will be produced for a wide range of helium to 
nitrogen ratios, but yield of the metallofullerenes may tend to decrease as the 
amount of nitrogen approaches the amount of helium. 

In order to form the trimetallic nitride endohedral metallofiillerene, a source 

25 of nitrogen must be introduced into the reaction chamber. The source of nitrogen is 
preferably a nitrogen containing gas, but may include other nitrogen sources 
including but not limited to carbon nitrides and metal nitrides where the metal to be 
encapsulated is in nitride form. 

A potential is applied across the electrodes resulting in an arc discharge. The 

30 arc lischarge consumes the graphite rod and generates a wide range of carbon 

products generally referred to as soot. Within the soot is a wide range of fiillerenes 
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including the trimetallic nitride endohedral metallofullerenes. Isolation of the 
trimetallic nitride endohedral metallofiillerenes can include using carbon disulfide or 
toluene to extract the soluble fiillerenes from the soot. All members of the 
trimetallic nitride endohedral metallofullerenes, Er3.nSCnN@C8o, Ho3.nScnN@C8o, 
5 Y3.nScnN@C8o, Gd3.nScnN@C8o and La3.nSCnN@C8o where n=0-3, are extractable in 
carbon disulfide except Yb3.nScnN@C8o and Tm3.nScnN@C8o (n=0-3). 

The carbon disulfide extract is preferably filtered over a plug of glass wool 
to remove insoluble material. The extract can then be preferably subjected to a 
multi-stage chromatographic separation. The soluble extract can be separated using 

10 an initial chromatographic separation stage that incorporates a pentabromobenzyl 
column using carbon disulfide as the mobile phase. One such column is available 
from Phenomenex Co., Torrance, Calif In the second and third stages, a selective 
semi-preparative Trident-Tri-DNP (di-nitorphenyl) column (Regis Chemical, 
Morton Grove, 111.) may be utilized for isolation of Az-iXn N@C8o with toluene as 

1 5 the solvent. A final separation stage utilizing the pentabromobenzyl column 
described above using CS2 as the mobile phase may be used. The mobile phase 
elution rate is preferably about 2 ml/min. In this manner, pure A3.nXnN@C8o 
samples may be isolated. Based on the foregoing, with modifications that will be 
apparent to one skilled in the art, this method can be used generally to obtain 

20 materials in the family of A3.nXnN@Cn„ preferably where m is about 68, 78, or 80. 

Following pegylation and hydroxylation, an endohedral metallofiillerene can 
have the formula: A3.nX„N@Cm(-R(-[-0-CH2CH2-]k-Q)j)i(-OH)h; where A and X are 
metal atoms, n=0-3; m is an even number between about 60 and about 200; 1 < h < 
m-2; i > 1 ; j=l or 2; and k > 1. The group (-R(-[-0-CH2CH2-]k-Q)j) represents PEG 

25 linked to the fiillerene by R which can be derivatized by a group Q. The 

combination of pegylation and hydroxylation that has been described provides 
greater water solubility and reduced aggregation than hydroxylation of alone. It 
should be recognized that the examples shown are not limiting. For example, one 
skilled in the art will appreciate that compounds other than ethyl malonyl chloride 

30 and malonyl dichloride can be used to link a PEG moiety with the fiillerene cage. 
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Thus, R in the above formula can be a malonyl group in a di-PEG or an 
ethyl-malonyl group for a mono-PEG example or any suitable linking moiety. 
Further, PEG derivatives other than the methyl ether form illustrated in the above 
examples can be utilized in combination with hydroxylation to increase water 
5 solubility while minimizing aggregation. Thus Q could be o-methyl, a protecting 
group, or a functional group. For example, a segment of PEG can be used as a 
linker to attach a functional moiety to trimetallic nitride endohedral 
metallofullerenes in addition to enhancing water solubility of the molecular complex 
and reducing aggregation. Examples of functional moieties include an antigen, an 
10 antibody fragment, a membrane anchoring sequence, a polynucleotide, a receptor 
ligand, biotin, and the like. The functional moiety I can be chosen to correspond to 
a feature of the desired target of the pegylated and hydroxylated trimetallic nitride 
endohedral metallofullerenes. The PEG may be derivatized before or modified after 
pegylation and hydroxylation of the fuUerene. The specific choice of PEG 
15 molecular weight, and whether the PEG is derivatized with a methyl group or 
another functional moiety, will depend on the application. 

The choice of fiillerene cage size and encapsulated metal are also open to the 
skilled practitioner to choose according to the desired application. For example, a 
preferred utility for pegylated and hydroxylated trimetallic endohedral 
20 metallofullerenes is as MRI contrast agents. In MRI, a signal is received from 

atoms in a magnetic field in response to a pulse of radio waves. The most common 
atoms used for MRI are the hydrogens, particularly the hydrogens of water, which is 
found everywhere in a body. Contrast between water in fluid compartments such as 
vessels and solid organs is observed because signal from atoms in different 
25 environments decays more or less quickly (relaxes) after a radio pulse. Trivalent 
metals, for example, can provide effective changes in signal relaxation in an MRI 
contrast agent application. Accordingly, a method of using pegylated and 
hydroxylated trimetallic endohedral metallofullerenes can comprise introducing a 
composition comprising pegylated and hydroxylated trimetallic endohedral 
30 metallofullerenes into a body prior to or during an MRI procedure. The pegylated 
and hydroxylated trimetallic endohedral metallofullerenes can provide substantially 
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greater relaxivity than presently used contrast reagents as shown in Figure 3. As 
alternative examples, metal atoms such as radioactive atoms can be encapsulated for 
use in treatment methods or as tracers that can be detected by radiation or x-ray. 

While the invention has been described in detail with reference to preferred 
5 embodiments thereof, it will be apparent to one skilled in the art that various 

changes can be made, and equivalents employed, without departing from the scope 
of the invention. 



